Microseismic monitoring of hydraulic fractures is an important technology for far-field fracture diagnostics. It provides us hydraulic fracture geometry and its growth behavior vs. time. Getting accurate microseismic event location is important to interpretation, and velocity model plays a key role in obtaining event location. However, due to the limited number of perforation shots, limited ray coverage, and identifying / classifying different phase arrivals in the perforation data, building a reasonable velocity model is very challenging. In this paper, we present a field case study, in which we apply the Bayesian inference algorithm to simultaneously invert for microseismic event locations, origin times, and velocities. The stableness of the simultaneous inversion is tested with a cross-validation and the accuracy of the locations is cross-verified with P-wave polarization for looking at the event incidence angle at each receiver. The inversion results were compared with a traditional location result located using a velocity model, which is built from perforation shot data only. It shows that the simultaneous inversion has improved microseismic event location.
Introduction
Multistage fracturing technique, together with horizontal drilling, make production from organic-rich shale possible. Microseismic monitoring of hydraulic fractures has been an important technology for far-field fracture diagnostics (Eisner and Le Calvez, 2007; Maxwell, 2014) . It can provide us hydraulic fracture geometry and its growth behavior vs. time. Getting accurate microseismic event location is important to interpretation. Various methods originally developed for earthquake location have been used for microseismic event location, such as travel-time inversion (Aki and Richards, 1980; Rutledge and Phillips, 2003) , double-difference method (Waldhauser and Ellsworth, 2000) , coherence scanning (Drew et al., 2005; Duncan and Eisner, 2010) , time-reverse imaging (Artman et al., 2010; Artman and Witten, 2011) , and waveform inversion (Song and Toksöz, 2011) . In almost all of these methods, the velocity model plays a key role in event location (Eisner et al., 2009; Maxwell, 2009; Warpinski, 2009; Gesret et al., 2015) . However, due to the limited number of perforation shots, limited ray coverage, and difficulty of picking Swave arrivals reliably in the perforation data, building a reasonable velocity model is usually very challenging (Maxwell, 2014) .
Simultaneous inversion of earth model and earthquake locations has been successfully used in earthquake seismology (Douglas, 1967) . The limitation of acquisition geometry and low S/N make it challenging to apply this idea to microseismic data. There are only a few studies about simultaneous inversion for microseismic event locations. Jansky et al. (2010) used the neighborhood algorithm to simultaneously invert for microseismic event locations and a velocity model in downhole survey. Zhang et al. (2009) have used double-difference tomography method to study the induced seismicity monitored with geophones deployed in five monitoring wells. Li et al. (2013) and Li et al. (2014) have inverted for Thomsen parameters using P-and S-wave arrival time information. Grechka et al. (2011) estimated key stiffness coefficients that can be well constrained by assuming a homogeneous earth model. However, the study of simultaneous inversion in the microseismic industry is still very limited, especially for the cases where acquisition geophones are constrained within one single well.
Bayesian inference has been widely used in subsurface inverse problems (Tarantola and Valette, 1982; Tarantola, 2005; Myers et al., 2007; Myers et al., 2009; Poliannikov et al., 2013; Poliannikov et al., 2014; Zhang et al., 2014) . We have developed a Bayesian inference framework to simultaneous invert for microseismic event location and velocity model, and successfully applied it to a microseismic data set obtained from shallow borehole stations (Zhang et al., 2017) . Studies show that a velocity model can be constructed with relatively high confidence using microseismic data only. The Bayesian inference provides an efficient way to quantify the uncertainty of the microseismic event location estimation. It is also able to capture the correlation between various model parameters, such as velocity model parameters and microseismic event locations.
In this paper, we applied the simultaneous inversion algorithm to a microseismic data set obtained by an array of geophones in a single vertical well within Vaca Muerta Formation at Neuquén, Argentina. Bayesian inference is successful in integrating various information in the simultaneous inversion process for this data set. The uncertainty of the inversion is obtained and compared with an arrival time misfit map. Analyses with various data subsets, perforation shots, and P-wave angle of incidence show the effectiveness and stableness of the method. A comparison with a traditional location result located using a velocity model built from perforation shot data shows the superiority of simultaneous inversion. The simultaneous inversion minimizes the requirement of a predetermined velocity model and also provides the possibility to study the time lapse change of the earth model due to hydraulic fracturing.
The structure of the remainder of this paper is as follows: we first give an overview of the simultaneous inversion algorithm we developed. Then we present the microseismic survey and the initial model we used for the simultaneous inversion. We applied the simultaneous inversion to a data set from Vaca Muerta formation in Neuquén, Argentina and verify the results with various analyses. Finally, we conclude with the discussion of the limitation and next step of this work.
Method
We have developed a Bayesian inference framework to simultaneously invert for microseismic event locations and velocity model for a shallow borehole survey (Zhang, Rector and Nava, 2017) . In this section, we present the application of this method to a typical microseismic acquisition geometry, that is, the microseismic monitoring with a geophone array deployed within a single vertical well.
As with the common practice in microseismic industry, we assume a 1D layered isotropic velocity model for the microseismic event location in this study. Under this assumption, along with the fact that the geophones are in a strict vertical monitoring well, the 3D microseismic location problem using arrival times can be decoupled into a 2D problem and an azimuth estimation problem. In the 2D problem, the parameters to characterize a microseismic event location are the horizontal distance between the event and the geophone array, and the elevation of the event. These two parameters, along with the origin time of the event, are to be estimated during the simultaneous inversion. The other set of parameters to be simultaneously estimated are the parameters to characterize the velocity model. The parameterization of the earth model is a challenging problem. More parameters will decrease the parameterization error, however, may lead to an ill-posed problem. The velocity model parameter set we use in this study is comprised of P-and S-wave velocities at all layers. However, depending on the data quality, ray path coverage of the events, and availability of the prior information, additional parameters, including layer boundaries, anisotropic parameters, may be used. In this paper, given the availability and quality of microseismic data, for a system with microseismic events and layers, we use a model parameter set , which is a vector of length 3 + 2 :
are the horizontal distance ( ! ), vertical coordinate ( ! ), and origin time ( ! ) of the th microseismic event. !" and !" are the P-and S-wave velocities of the th layer.
The measurement !"# includes any available P-and/or S-wave arrival times for each event at each station. The forward operator • is to predict the observable parameters using model parameters . Specifically, it calculates the travel times from microseismic event locations to geophone locations using a ray tracing method.
According to the inverse problem theory (Tarantola, 2005) under a Gaussian probability density assumption, the posterior probability density of the model parameters is given by
where !"#$" is the prior mean value of the model parameters. The covariance matrix ! is the addition of observation and parameterization uncertainty covariance matrices ! and ! . ! is the covariance matrix of the prior information. is a normalization constant. A detailed discussion of equation (2) is presented by Tarantola (2005) and Zhang, Rector and Nava (2017) .
Following the discussion of Zhang, Rector and Nava (2017), we use the Maximum A Posterior (MAP) estimation !"# , along with its covariance matrix !,!"# under a Gaussian assumption to characterize the posterior probability density of the model parameters:
and
where !"# is the sensitivity matrix with elements
Even though MAP point and the covariance matrix approximation are exact only when all the information are of Gaussian type and the operator • is linear, which is usually not the case, this approximation is efficient in terms of calculation and is normally a reasonable representation of the posterior probability density function. The !"# can be achieved with a Gauss-Newton method.
Microseismic survey project overview
The hydraulic fracturing was performed in the Vaca Muerta Formation at Neuquén, Argentina and the acquisition geometry is shown in Figure 1 The microseismic data has been processed by a contractor using standard industrial practice. To locate these microseismic events, first a 1D layered isotropic velocity model was built basing on a sonic log, then was calibrated with perforation shots. The microseismic events were located by minimizing the misfit between the picked arrival times and the arrival times predicted using these predetermined velocity models. The forward modeling was conducted by solving the Eikonal equation for the first arrivals, which might be direct or refracted waves.
Preprocessing and initial model
As a preparation for the simultaneous inversion, we selected 76 events from Stage 1 and 55 events from Stage 5 with relatively high data quality and good ray path coverage for us to re-pick the arrival times of P-and S-waves reasonably well. To ensure the quality of the pickings, we calculate the angle of incidence of each event-geophone pair with ray tracing. Then, using this angle of incidence, along with the azimuth obtained by the contractor with Pwave polarization on the horizontal plane, we rotated the waveforms to separate P-, SH-, and SV-wave components. We picked P-wave arrival times from the P-wave component and S-wave arrival times from the SH-wave component whenever we were able to do so. We used our own pickings for the following processing unless stated otherwise.
To reduce the number of velocity model parameters in the simultaneous inversion while keep the theoretical errors introduced by parameterization reasonably small, we built a 9 layers homogeneous prior/initial model for Stage 1 (Figure 2 ) and an 11 layers model for Stage 5 (not shown here for simplicity). The layer interfaces are positioned based on the sonic logs, geological information, and the contractor's velocity model. The prior velocities of all the layers are 3500 m/s for P-wave and 2100 m/s for S-wave. Since we assume we don't have much prior information of the velocity model in this case, we can use relatively large uncertainties to make sure the velocity model is estimated mainly based on microseismic data and not biased by the prior information. Thus, we use 2000 m/s, which is a relatively large value, as the standard deviations of these velocities. The same philosophy applied for the uncertainties of other prior information such as prior event locations and origin times. The prior horizontal distances between geophone array and microseismic events are all 200 m for Stage 1 events and 400 m for Stage 5 events. We assigned its standard deviation to be 1000 m, which means we barely have any information about the event locations before the inversion. This choice of parameters will ensure the inversion result is insensitive to the prior information and the initial model. For the same reason, we used a prior elevation of -2250 m and standard deviation of 1000 m for the microseismic events in both stages. In the experiments using the locations of perforation shots as constraints, we used a standard deviation of 0.5 m for both horizontal distance and elevation of these perforation shots. Figure 3 shows the prior microseismic event location and the prior velocity model for Stage 1. The plot of prior information for Stage 5 is not shown here for simplicity. The minimization of the objective function started with the prior model as the initial model in all of the experiments. The prior origin times are 0.2 s before the first P-wave arrival time with a standard deviation of 8.0 s. We use a standard deviation of 1.5 ms to represent the observation and parameterization errors used to calculate ! in equation (2). 
Inversion result
Relocation with the contractor provided velocity model For the purpose of comparison, we first locate the 76 microseismic events in Stage 1 with the velocity model provided by the contractor using traditional location method. Specifically, we used the same program as the simultaneous inversion but didn't include the velocity model in the model parameters to be updated. The location result is shown in Figure 4 together with the reference location catalog provided by the contractor. While there are indeed some differences between these two results, they show similar trend. The differences are mainly due to the differences in arrival time pickings, forward modeling algorithms, and inversion criteria. They are much smaller than the differences introduced by the forthcoming simultaneous inversion in Figure 5 . Thus, we use this relocation result with the provided velocity model as a representation of the result of traditional location method. Events locations with our simultaneous inversion algorithm (blue dots) and those estimated with the velocity model provided by the contractor using traditional method (orange dots). The difference between these two results is relatively large. The right figure is the velocity model estimated with our simultaneous inversion (blue) and the one provided by the contractor (orange). The solid line is for Vp and the dashed line is for Vs.
Simultaneous inversion result
We inverted these 76 event locations, origin times, and the velocity model with the simultaneous inversion algorithm. The result is shown in Figure 5 along with the traditional location result using the provided velocity model. There are relatively large differences between these two results. Firstly, the small dense event cluster, that is cluster 1, was shifted to a lower position and is flatter than the original cluster. Secondly, the large event cluster 2 was shifted from the elevation of -2060 m to about -2150 m. In addition, the event cluster 3 was shifted towards the left.
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To understand the differences between these two results, we plotted the picks and predicted arrival times of two events with relatively large difference (event 1 and event 2 in Figure 5 ) as shown in Figure 6 and Figure 7 . The waveforms have been rotated to show only the P-and SH-wave component. The amplitude scales of P-and SHwave components are different due to the relatively large amplitude ratio between S-wave and P-wave, thus, even though the S-wave residuals in the P-component are comparable to the P-wave amplitude, they are significantly smaller than the SH-wave. From Figure 6 , we can see the predicted arrival times of the traditional location-only method have relatively large differences from the true P-wave arrival pickings. The same problem is more significant for event 2 as shown in Figure 7 . The predicated arrival times of the traditional location-only method is unable to capture the moveouts of the real arrival times. However, the simultaneous inversion algorithm was able to implicitly detect and correct these misfits by updating the velocity model using microseismic arrival time information as shown by the improved match between the predicted arrival times of the simultaneous inversion and the arrival time pickings. We also compared the root-mean-square (RMS) misfit of the arrival times of all these 78 events in Table 1 . The RMS misfit using provided velocity model is 1.68 ms while that using our simultaneous inversion is only 0.47 ms. This large decrease in RMS misfit attributes to the improvement in arrival time match like Figure 6 and Figure 7 . It shows the superiority of the simultaneous inversion over the traditional location-only method. We can draw similar conclusion from the histogram of the misfit between observation and prediction ( Figure 8 ). The misfit histogram of the simultaneous inversion is much more concentrated around zero, which means the velocity model estimated with the simultaneous inversion is a better representation of the true model. One way to reduce the velocity estimation uncertainty is using the perforation shots information as a constraint. We carried out the simultaneous inversion with P-and S-wave arrival times of both perforation shots and microseismic events. The perforation shots locations were provided as prior information as discussed in the section of prior information and the initial model for estimation. The comparison between the locations with and without perforation shots as a constraint is shown in Figure 9 . The perforation shots didn't significantly affect the event locations at higher elevation since the velocity model in this area has already been successfully estimated from the microseismic data. However, for those events near the perforation shots, the perforation shots improved their event location estimation. The effect of perforations shots can also be seen from the velocity model comparison on the right of Figure 9 . The Vp values of the two layers below the geophone array have been significantly changed by the perforations shots while those of other layers remains similar with our previous estimation. The comparison between simultaneous inversion result with (blue) and without (orange) perforation shots as a constraint. The perforation shots mainly affect the locations of events near the perforations. This is due to the improvement in velocity model below the geophone array brought by the perforations shot data. The right figure is the velocity model estimated with microseismic events only (orange) and the one estimated with both perforation shots and microseismic events (blue). The solid line is for Vp and the dashed line is for Vs.
Uncertainty analysis
One of the advantages of Bayesian inversion is that it can provide an estimation of posterior model parameter uncertainty as shown in Figure 10 and Figure 11 . Figure 10 shows the 95 % confidence region predicted by the Bayesian inference. Figure 11 is the posterior velocity (P-wave only, the velocity model uncertainty for S-wave shares similar trend with that of P-wave, thus, not shown here for simplicity) model uncertainty of our estimation along with the ray paths of several representative events. The velocity model uncertainty around the geophone is relatively small, which means we have high confidence on the velocity model estimated for this region. The velocity uncertainty of the area below the geophone array is relatively large due to poor ray path coverage of this area. We also compared the uncertainty estimation of a representative microseismic event with the arrival time misfit map, which is commonly used to quantify location uncertainty, in Figure 12 . This uncertainty estimation matches the prediction of the Bayesian inference relatively well, and it verified the effectiveness of Bayesian inference in terms of uncertainty analysis. 
Location result verification
To prove the estimation is stable and our reduction in RMS misfit is not a result of over-fitting, we randomly subdivide our data into two subsets with 38 events each. The event locations and velocity models estimated with these two subsets are shown in Figure 13 . The patterns of these two event subsets compare well with each other. The two velocity models match well, especially at the elevation of the geophone array. In addition, as shown by Table 1 , the RMS misfits of arrival times for these two events subsets are respectively 0.44 ms and 0.48 ms. This is comparable to the RMS misfit of 0.47 ms using the whole 76 events set. Then, using the velocity model estimated from subset two, we located the events from subset one with the traditional location method. The location result is compared with that of the simultaneous inversion of subset one in Figure 14 . We can see these two results compare relatively well to each other. These tests and observations confirm the reduction in arrival time residual is not a result of over-fitting and the simultaneous inversion algorithm is stable for this data set. Figure 13 : Microseismic event locations of two independent subsets of data. They share similar locations patterns and the velocity models estimated by these two subsets of data are similar, especially at the elevation of the geophone array. The right figure is the velocity model estimated with event subset 1 (orange) and the one estimated with event subset 2 (blue). The solid line is for Vp and the dashed line is for Vs. Figure 14 : Subset one events locations estimated using the velocity models from subset one data (orange) and subset two data (blue). These two results match relatively well. The right figure is the velocity model estimated with event subset 1 (orange) and the one estimated with event subset 1 (blue). The solid line is for Vp and the dashed line is for Vs.
Another way to quantify the location uncertainty is locating the perforation shots to compare with their true locations. We estimated the perforation shot locations with both the provided velocity model and our simultaneous inverted velocity model using the 76 microseismic events (Figure 15 ). Those estimated with our model is nearer to the true perforation shot locations comparing with those using the provided model. The mismatch between the result using the contractor's velocity model and the true locations is due to the difference between our pickings and the contractor's. The RMS misfit of the result using our model is also smaller as shown by Table 1 . Comparing these two results, we find that the perforation shot locations are significantly shifted away from the geophone array horizontally by using the velocity model provided. This is the same phenomena for the event cluster 3 in Figure 5 . The perforation shots are at the same area with the event cluster 3, and this shows that the events tend to be estimated further from their true locations with the provided velocity model. And the simultaneous inversion is capable to construct a relatively accurate velocity model, thus, improve the microseismic event location accuracy. Finally, we verified the microseismic event location with angle of incidence. Specifically, we first calculate the angle of incidence from P-wave polarization for each event station pair. Then, with the velocity model provided and that estimated by the simultaneous inversion algorithm, we respectively build a RMS angle of incidence misfit map for the event 2 of Figure 5 . The misfit maps are shown in Figure 16 and Figure 17 . From Figure 16 , we can see that our inverted microseismic event location lies within an area of small angle of incidence residual. The RMS angle of incidence residual for this event is 8°. This means the microseismic event location and velocity model gives a prediction of P-wave polarizations that match the real data relatively well. However, the event location provided by the traditional method using the provided velocity gives a RMS angle of incidence residual of 18° (Figure 17 ). The real P-wave angle of incidence direction and the prediction at each station is shown in Figure 18 . These comparisons show the locations estimated by the traditional method was unable to match the angle of incidence. Since the angle of incidence is independent of the arrival time information we used for inversion, it provides a good quality control (QC) check for microseismic event location which verified the accuracy of the event locations estimated by the simultaneous inversion algorithm.
Figure 16: RMS angle of incidence misfit map for event 2 in Figure 5 . The velocity model used is the one estimated with simultaneous inversion. The orange dot denotes the microseismic event location estimated by simultaneous inversion. It lies within an area of small angle of incidence residual.
Figure 17: RMS angle of incidence misfit map for event 2 in Figure 5 . The velocity model used is the one provided by the contractor. The orange dot denotes the microseismic event location estimated by the traditional method using the provided velocity model. It gives a relatively large angle of incidence residual of 18°.
Figure 18: The real P-wave angle of incidence direction and the predictions at each station. The provided velocity model and the event location estimated with this velocity model result in relatively large difference from the real angles of incidence. The simultaneous inversion result is able to improve the match between the data and the prediction.
Stage 5 Similar with Stage 1, we locate the 55 microseismic events in Stage 5 with the velocity model provided by the contractor using traditional location method. The same with Stage 1, these two results are relatively similar. Figure  19 shows the location result of simultaneous inversion and the traditional location result using the provided velocity model. From the comparison, we can see the major difference between these two results lies in the event cluster 4 in Figure 19 . The simultaneous inversion result is horizontally shifted towards the geophone array comparing with the other result using the provided velocity model. Figure 19 . The traditional location method cannot fit the observed arrival time using the provided velocity model. The P-and S-wave moveouts of the "best" event location using the provided velocity model are apparently different from the real data, indicating that updating the velocity model is necessary. By constructing the velocity model with the simultaneous inversion, we were able to match the arrival times very well. Analyses with the same methods shown in Figure 13 and Figure 14 validate the effectiveness and stableness of the inversion. The result is not explicitly shown here for simplicity. Result of the entire data set Finally, we show the simultaneous inversion result of all the detected microseismic events in Stage 1 and Stage 5. Here, we used the picks provided by the contractor instead of our own picks. We also added the azimuthal directions provided by the contractor using the horizontal components of P-wave polarization to show event location in 3D space. We located events from Stage 1A, Stage 1B, and Stage 5 separately. The result is shown in Figure 21 with the events color coded with their corresponding stages. We also located the microseismic events with the velocity models provided by the contractor for each stage using the traditional location method. For the entire microseismic event set, the differences between the result of simultaneous inversion and the traditional method are similar with the differences obtained for the 76 and 55 events subsets from Stage 1 and Stage 5. Figure 22 is the side view of the comparison for Stage 1B events. From this comparison, there is a vertical shift for a subset of events, which is consistent with the shift of Cluster 2 in Figure 5 . Figure 23 and Figure 24 are respectively the event locations estimated with the traditional location method and simultaneous inversion color coded with their origin times. Comparing these two results, the events in Figure 24 estimated with the simultaneous inversion are more clustered, which might be an indication (but not necessarily) of more accurate event locations. Similarly, Figure 25 is the map view of the comparison for Stage 5 events. There is a horizontal shift of around 100 m, which is consistent with the shift of Cluster 4 in Figure 19 . From Figure 26 and Figure 27 , in which Stage 5 events are color coded with their origin times, we also found the events are more clustered for the simultaneous inversion result. Also, the two results lead to different interpretations. Figure 26 shows the early events occurred at the north side of the target stimulation zone, and gradually propagated to the south as the stimulation continues. Figure 27 shows the early events occurred at the south end of the target stimulation zone, and gradually propagate to south. Figure 26 , these events are more clustered, which might be an indication (but not necessarily) of more accurate event locations.
Velocity model
One advantage of simultaneous inversion is the possibility to estimate variant velocity models for different subsets of data. We compared the velocity models estimated by the simultaneous inversion with different subsets of microseismic data and their associated Vp/Vs ratios in Figure 28 . The interval where there is relatively good ray path coverage for both Stage 1 and Stage 5 is between the elevation of -2000 m and -2230 m. From the comparison of the velocity models within this interval, the Vp/Vs is systematically lower for Stage 5 than that of Stage 1. One possible explanation to this change in the reservoir properties is introduced by hydraulic fracturing. Indeed, hydrofractures tend to result in low Vp/Vs or Poission's ratio (Mavko et al., 2009) . This is consistent with our simultaneously inverted velocity models. An alternative explanation is the inherent lateral heterogeneity of the earth itself. Given the relatively large horizontal distance between Stage 1 and Stage 5, the property of the formation may change horizontally. Thus, further study need to be carried out to understand the cause of this change in the Vp/Vs (or Poisson's ratio).
Discussion
Velocity model is usually a major source of uncertainty for microseismic event location problem. However, various factors may dominate the location errors. The statics may cause a problem for highly weathered area in a surface microseismic survey. Anisotropy may need to be considered for specific sites. Thanks to the power of Bayesian inference, these factors may be accounted as model parameters depending on the necessity of a specific survey and availability of observations. The inclusion of these crucial parameters in the model to be estimated reduce the risk of bias introduced by inaccurate models. Also, various observations, such as P-wave polarization, shear wave splitting, reflected and refracted waves, can be used to help improve microseismic event location accuracy.
From this study, a stage dependent earth model is necessary due to either fracturing induced time-lapse change or horizontal heterogeneity of the formation. Simultaneous inversion provides the potential to construct data dependent velocity models given the abundance of microseismic events in most surveys. Integrated with rock physics models, the difference between various models can be used to characterize hydrofracture properties or horizontally heterogeneity of the formation. It may also be used to validate or calibrate a rock physics model. Warpinski et al. (2009) have presented the evidence of anisotropy by showing the clear difference between the horizontal velocities measured from perforation timing and vertical log velocity for variaous shale formations. Preliminary research about anisotropic earth model parameters estimation have been carried out by Li, Zhang, Rodi and Toksoz (2013) , Du and Warpinski (2013) with a VTI model and by Grechka, Singh and Das (2011) with homogeneous orthorhombic model. Although we do observe some clear shear wave splitting phenomena in the microseismic waveforms, the focus of this paper is to apply the simultaneous inversion method into the field case study using isotropic velocity model. Extending it to include anisotropy in the velocity model is our future work.
Conclusions
We simultaneously inverted for the velocity model and microseismic event locations in the Vaca Muerta Formation. The stableness of the simultaneous inversion was tested with a cross-validation and the accuracy of the hypocenters was cross verified with P-wave polarization for looking at the event incidence angle at each receiver. The comparison with the traditional location result shows that simultaneous inversion provides a more effective way to use information from microseismic data to construct a velocity model. With this velocity model, microseismic event location accuracy can be significantly improved. With the algorithm demonstrated in this paper, we can not only perform microseismic monitoring to fracturing treatments where no perforation data is available; but also, improve the microseismic event location when we do have perforation data. In addition, this algorithm could be applied to long term reservoir monitoring where we can retrieve velocity information from the microseismic data themselves.
